
Supercomputação encontra plasmas extremos 

Marija Vranic 
GoLP/IPFN 
Instituto Superior Técnico 
Universidade de Lisboa



Work in collaboration with:

IST:  T. Grismayer, B. Martinez, O. Amaro, B. Barbosa, R. Babjak, R. A. Fonseca, L. O. Silva 

ELI:  M. Jirka, O. Klimo, G. Korn, S. Weber

Simulation results obtained at Jugene/Juqueen, SuperMUC, Jaguar, Fermi/Marconi, Salomon, 
MareNostrum.

Supported by the 
Seventh Framework 
Programme of the 
European Union

Acknowledgements
INSTITUTO DE PLASMAS 
E FUSÃO NUCLEAR

golpgolp



M.  Vranic & B. Martinez | ATHENS Plasma | Lisbon, November 15, 2022 

What is a plasma? 
 

‣ Plasma is a quasi-neutral ionised gas formed by an approximately equal number of 
electrons and ions

‣ Over 99% of the visible Universe is in the plasma state

‣ Most (or all) molecular bonds are broken 

‣ In a way, plasma is an “already destroyed” material 

‣ This allows strong fields to exist in plasmas - the fields that would destroy any other 
material

Credit: NASA
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‣ relativistic particles 

‣ radiation reaction  

‣ hard photon emission 

‣ (anomalous) radiative trapping 

‣ e+e- pair production 

‣ QED cascades  

‣ EM field depletion by self-created 
plasma
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What happens in a plasma in the 
presence of extreme fields?



When intense lasers 
interact with matter
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traps…) and the in-house know-how for massively parallel simulations of plasmas, efficiently scalable to top 
supercomputers of today [29].  

A number of experimental facilities worldwide have shown interest in this area of research, by putting it on their 
scientific agenda. The most important centres are listed in Fig. 1. Many configurations which combine electron, 
photon and laser beams will allow to probe a wide range of interaction regimes related to SPARCLE.  

 
Figure 1: (Up) Generation of electron-positron pairs in a laser-electron collision. This simulation is from the design study I 
performed for the L4 laser beamline pertaining to Extreme Light Infrastructure pillar ELI Beamlines in Prague. The picture 
was selected for the official poster for the 45th European Physical Society Conference on Plasma Physics, held in July 2018. 
(Down) A list of facilities whose science programme is aligned with the goals of SPARCLE and which are interested to 
perform related experiments.  

 
a.2: Main objectives 

The objectives of SPARCLE are directed towards obtaining energetic particles and photons using extremely 
intense laser technology interacting with plasmas. An outstanding challenge is to create and accelerate 
positrons, which requires a paradigm shift compared to the well-established schemes for electron acceleration. 
Another challenge, creating and accelerating electron-positron-photon beams may be even harder as 
electrons and positrons are oppositely charged, which means that a field cannot be accelerating for both at the 
same time. One has to exploit unusual and judicious configurations where the opposite charge particles do not 
experience locally identical conditions, but the time-averaged interaction with the field allows all accelerated 
particles to propagate in the same direction. Direct laser acceleration (DLA) is a potential scheme that can 
provide this, when the particles are injected in a favourable laser phase to gain energy. How to control this 
injection is by itself a big research question. The most promising direction, to overcome the predicament of 
trying to overlap the two beams, is to create particles themselves in the region of strong field [30]. An electron-
positron-photon beam would naturally be generated in the right location within the laser field to allow 
acceleration. To obtain high charge, we need to study the different configurations to obtain abundant number 
of pairs with lasers, which amounts to the study of seeding for QED cascades. The results coming from this 
research can benefit another goal of SPARCLE: to generate enough electron-positron pairs to constitute a 
pair plasma. Finally, all these processes involve high-energy leptons immersed in a strong field, which naturally 
emit flashes of very energetic photons. The frequency range depends on the energy of the leptons and the 
strength of the background field, but we can expect a large fraction of emission to be in the hard X-ray or 
gamma-ray range. Other radiation properties also change according to the interaction geometry and the source 
size, which opens an extraordinary opportunity to construct tunable radiation sources in laboratory. Plasma 
based radiation sources hold an astounding potential for applications [11], and a related goal of SPARCLE is to 
evaluate the relevant properties of emitted radiation for every configuration we study while pursuing other 
goals. Due to the importance of its findings, this goal itself could warrant a separate ERC proposal. Instead, it 
represents the contingency plan of SPARCLE to profit from all simulations performed while pursuing other 

In magnetospheres 
of neutron stars

Credit: Dana Berry / NASA Credit: Event Horizon Telescope 
collaboration, M87 / NASA

Around black 
holes

In nature, where can such plasmas be found?



Particle-in-cell algorithm captures how EM fields affect moving 
charges, as well as how currents affect the EM background

2.2 Particle-in-cell method 15

Fields

Particles

FIGURE 2.2: Simulation grid. Informations about fields are saved in the grid corners, and then
when needed interpolated to particle positions.

2.2 PARTICLE-IN-CELL METHOD

Particle-in-cell (PIC) codes are a powerful simulation tool that can take full advantage
of world’s leading high-performance parallel computing systems. Most simulations
in this thesis are performed with OSIRIS framework [52], that has been shown to run
efficiently on systems as with as many as 105 � 106 cores [101]. In this chapter, we are
describing the core PIC technique, while some additional features specially added as
a part of this PhD project will be introduced later.

The PIC method relies on relativistic Maxwell equations (2.1)-(2.4) for field evo-
lution, coupled with Lorentz force to advance the charge density. This is a fully self-
consistent model that starts from first principles and conserves the energy and mo-
menta throughout the simulations.

In PIC codes, particles can explore the full 6D phasespace, while the fields are con-
fined on a grid (see Fig. 2.2). The Maxwell’s equations are solved at grid points, from
where the fields later can be interpolated to any particle location. This is a great ad-
vantage for simulating large number of plasma particles compared to particle-particle
methods where the order of complexity scales with the square of the number of parti-
cles in the system N2

p . In PIC, the Couloumb interaction between particles is mediated
by the grid, which reduces the algorithm complexity to ⇠ Np.

The outline of a standard PIC algorithm [102] is given in Fig. 2.3. First, we in-
terpolate the fields from the grid to the particle positions. In this step, field values
in several nearby grid points are weighted — the number of grid points concerned
and their weights depend on how far the particle is from a specific grid point and if

16 Classical radiation reaction

�t

Equations of motion integration: 
moving particles

Current deposition:
calculating currents at grid points

Integration of field equations: 
updating fields

Field interpolation:
evaluating force on particles
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FIGURE 2.3: Schematic representation of a standard PIC loop.

the interpolation level is linear, quadratic, cubic etc. Then, the field at particle posi-
tions is evaluated according to these weights which will be used later in advancing
the particles. Second step is the particle pusher. This is where the particle positions
are advanced according to the Lorentz force (2.5). Preferably, a higher-order numerical
scheme should be used (Boris pusher, Runge-Kutta etc.). After all particles are pushed,
we calculate their contributions for the electric current on the grid. Then, this current
is used to advance the electric and magnetic field according to discretised Faraday’s
(2.3) and Ampere’s law (2.4). One of the standard numerical schemes to discretise the
two field equations for PIC is the Yee solver [103]. Once we have the new field values,
we move back to the beginning and repeat the whole loop.

Most of the times, a system being simulated is too large to represent a single
plasma particle (an ion or an electron) with one simulation particle. PIC uses macro-
particles instead, which represent several particles at once. They have the same charge-
to-mass ratio as original particles, and since all the equations are linear, the larger mass
does not affect their motion. When choosing the number of macro-particles for a par-
ticular simulation, it is essential to make sure that there are enough particles to explore
the full phasespace, otherwise some features might be lost due to small statistical sam-
ple.

How to define a single particle contribution is an inherent problem of classical
electrodynamics mentioned in the introductory section 2.1. To avoid Couloumb sin-
gularities, finite-sized particle models are used in PIC algorithms, and their specific
shape factors depend on the level of interpolation. In Fig. 2.4 we compare the electro-

PIC simulates plasma interactions from first principles!
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Open-access model 
· 40+ research groups worldwide 

are using OSIRIS
· 300+ publications in leading 

scientific journals
· Large developer and user 

community
· Detailed documentation and 

sample inputs files available

Using OSIRIS 4.0
· The code can be used freely by 

research institutions after 
signing an MoU

· Find out more at:

Committed to open science

Ricardo Fonseca: ricardo.fonseca@tecnico.ulisboa.pt

OSIRIS framework
· Massively Parallel, Fully 

Relativistic  
Particle-in-Cell Code 

· Parallel scalability to 2 M cores
· Explicit SSE / AVX / QPX / Xeon 

Phi / CUDA support
· Extended physics/simulation 

models

http://epp.tecnico.ulisboa.pt/osiris

mailto:ricardo.fonseca@ist.utl.pt?subject=


           The ZPIC educational code suite

zpic@edu

• ZPIC code suite
• Open-source PIC code suit for plasma physics 

education
• Fully relativistic 1D and 2D EM-PIC algorithm
• Electrostatic 1D/2D PIC algorithm

• Requirements
• No external dependencies for base code, requires 

only C99 compiler
• Python interface included

• Jupiter Notebooks
• Includes set of Python notebooks with example 

problems
• Detailed explanations of code use and physics

• Also available through Docker
• If you just want to run the notebooks you can use a 

Docker image available on DockerHub: zamb/zpic
Come find us on GitHub

github.com/ricardo-fonseca/zpic
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PARTICLES

GRID

Integration of equations of motion: 
moving particles

Integration of field equations: 
updating fields

Deposition:                            
calculating current on grid

Interpolation:                            
evaluating force on particles

Fp � up � xp

(E,B)i � Ji

(E,B)i � Fp (x,u)p � ji
�t

M. Vranic et al., CPC 204, 141-157 (2016) 

Ricardo Fonseca
ricardo.fonseca@tecnico.ulisboa.pt
Frank Tsung
tsung@physics.ucla.edu

http://epp.tecnico.ulisboa.pt/  
http://plasmasim.physics.ucla.edu/
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Classical radiation reaction can be added like a “damping force” 
in the particle pusher*

mailto:ricardo.fonseca@ist.utl.pt?subject=
mailto:tsung@physics.ucla.edu?subject=
http://epp.tecnico.ulisboa.pt
http://plasmasim.physics.ucla.edu/


M. Vranic et al., PRL (2014);  M. Vranic et al., CPC (2016); M. Vranic et al, PPCF (2018)

Adding classical radiation reaction    
‣ Modelling electron beam slowdown in scattering configurations

‣ Modelling other configurations where only a fraction of electrons 
may be subject to RR but where this can alter qualitative behaviour

Adding quantum processes
‣ Modelling the onset of QED, RR from quantum perspective

‣ Modelling e+e- pair production

‣ QED cascades, nonlinear regimes where many particles are created 
and collective plasma dynamics can alter the background fields

Performance improvements
‣ Particle merging, advanced load balancing schemes

‣ Essential for all the projects with strong QED 
effects

M. Vranic et al, NJP (2016);  T. Grismayer et al,  POP (2016); T. Grismayer et al, PRE (2017); 
J. L. Martins et al, PPCF (2016); M. Vranic et al, PPCF (2017); M. Vranic et al, SciRep (2018); 

M. Vranic et al., CPC (2015)

What new features are needed in plasma modelling? 



Marija Vranic | SPIE Optics+Optoelectronics, Prague | April 14th, 2015 

PARTICLES

GRID

Integration of equations of motion: 
moving particles

Integration of field equations: 
updating fields

Deposition:                            
calculating current on grid

Interpolation:                            
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Emission of photons

Probability of pair creation

➡ new particles

Recoil due to discrete photon emission;
Monte Carlo algorithm

dp
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Particle
Merging

Quantum processes need to be included via Monte Carlo   
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Standing wave (2-laser) configurations for QED cascades 

Laser 1 Laser 2

                     Linear                               Double clockwise                    Clockwise-anti clockwise

x
y

z

x
y

z

x
y

z

E, B

A.R Bell and J. G Kirk PRL, 101, 200403 (2008); M. A Fedotov 
et al. PRL 105, 080402 (2010); E. Nerush et al., 106  035201, 
PRL (2011); T. Grismayer et al., POP 23, 056706 (2016)
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Since photons are created at one location, and later decay into 
pairs in a different location, this Setup facilitates forming a 
thicker region of pair plasma with a lower peak plasma den-
sity. On the contrary, in Setup A photons predominantly prop-
agate in the z-direction, which makes them decay with x and 
y coordinates similar to the position where they were emitted. 
This results in a very localised cascade, that can quickly pro-
duce a high number of particles in the regions with the highest 
χe. Setup C produces a cascade localised in x, but spreading 
over the entire spot size in the y-direction.

As a consequence, the relativistic critical density plasma 
( ∼′n a nc 0 c) is achieved at different times for different Setups. 
Figure  5 shows the pair density and the electromagnetic 
energy density for each con"guration. At  ω= −t 70 0

1, when 
the lasers overlap, regions of relativistically critical plasma 
density are already formed for Setups A and C, whereas the 
critical plasma is formed later for Setup B. Around the rela-
tivistic critical density regions, the lasers are almost fully 
depleted at  ω= −t 70 0

1. However, in Setup B, the same total 
amount of energy is absorbed by the plasma at  ω= −t 70 0

1 (see 
"gure  4(c)) in a more uniform manner. The standing wave 
structure survives, but its amplitude is lower. The result is 
that the cascade shuts down later for Setup B than for others. 
Additionally the fact that the plasma covers the entire laser 
spot provides conditions to absorb the laser energy later, over 
a wider area of space. During the laser depletion phase, the 

portions of the standing wave that remain can still accelerate 
electrons and positrons. The pairs continue to radiate photons 
that cannot decay anew into pairs due to the low intensity. 
Through this mechanism, most of the absorbed laser energy is 
permanently converted into energetic photons.

The conversion ef"ciency as a function of the laser inten-
sity is shown in "gure 6(a) for Setup B, that is the most ef"-
cient converter of laser energy to high-frequency radiation. 
For a0  =  800, the laser energy carried by the electrons and 
positrons is below 3% per species, while the remainder of 
the absorbed energy is converted to photons whose angularly 
resolved frequency spectrum is shown in "gure  6(b). The 
laser-to-photon energy conversion is more ef"cient in the four 
laser con"guration compared with the case previously studied 
with two colliding lasers [24]. The radiation at low energies 
is mostly isotropic, but the photons with highest energy are 
emitted along the diagonals of the xy-plane. This can be better 
understood from the polar plot in "gure 6(c), where only the 
contribution of photons above 100 MeV is considered for the 
angular distribution of radiation. These photons account for 
25% of the total emitted energy. Figure 6(a) shows that the 
energy conversion ef"ciency from lasers to hard photons can 
be as high as 75% for a0  =  2000.

If we introduce a temporal delay between the Ex and Ey 
components of the standing wave, some of the above conclu-
sions related to Setup B change. For example, if Ex and Ey 
are out of phase ( ω∼E tsinx 0 , ω∼E tcosy 0 ), the maximum 

Figure 5. (a), (b) Pair plasma density ne in units of non-relativistic critical density nc for Setup A at two instants of time. Here a0  =  800. 
The plasma is expected to become fully opaque to the laser light when the cascade reaches the relativistically critical density  >n n800e c. 
These regions are coloured red. (c), (d) Electromagnetic energy density for Setup A. The regions where high fraction of laser energy is 
depleted indeed do correspond to the regions where  >n n800e c. Vertically aligned panels show the same quantity at the same instant of 
time, but for a different Setup. Panels (e)–(h) refer to Setup B, and (i)–(l) to Setup C.
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This gives three possibilities: all lasers polarised ‘out of the 
plane’ (Setup A in !gure 1), all lasers ‘in the plane’ (Setup 
B) or one pair polarised ‘out of the plane’, and the other pair 
‘in the plane’ (Setup C).

In a previous work that proposed planar con!gurations 
of multiple laser pulses for spontaneous pair creation from 
vacuum, all the lasers are polarised ‘out of the plane’ [28], as 
in Setup A. This is a natural choice because such con!gura-
tions maximise the value of the peak electric !eld, where for 
the same total available energy a higher number of laser pulses 
always leads to a more intense electric !eld. As one can expect 
that the highest particle energies are achieved in the presence 
of the strongest electric !eld, this should, in principle, also 
lead to a highest growth rate in a Breit–Wheeler cascade, as 
the quantum nonlinearity parameter χe is directly proportional 
to the particle energy for relativistic particles. But, as we will 
see later, there are subtle differences between the cascade 
dynamics in con!gurations A, B and C that can cause another 
con!guration to have a higher overall multiplicity (number 
of electron–positron pairs created per single seed electron). 
Recently, elliptical polarisation has been proposed for QED 
cascades with n lasers distributed within a plane [29]. It was 
demonstrated that, due to tight focusing, not more than eight 
lasers can be used for this setup. Average χe has been esti-
mated analytically and used as a criterion to select optimal 
ellipticity, later shown by Monte-Carlo simulations to be more 
ef!cient than circular polarisation. It is worth noting that in 
literature, circular polarisation has been identi!ed as optimal 
for two-laser cascades [16, 37]. However, seeding of the cas-
cade in realistic conditions accounting for tight focusing and 
multi-dimensions sometimes leads to different conclusions 
[26, 27].

For electron–positron cascade con!gurations with linearly 
polarised lasers A–C displayed in !gure 1, the de!nitions of 
the different standing waves are given in the appendix. We 

assume the phase difference between one pair of lasers is the 
same as the phase difference between the other pair. The con-
sequence of this is that the standing waves are synchronised; 
the electric !eld is maximum at the same time for all comp-
onents of the resulting standing wave. The bene!t of using 
the same phase difference is the preservation of the inherent 
temporal separation of the electric and magnetic-dominated 
part of the cascade that is produced by linearly polarised 
lasers [37]. Nonetheless, we will discuss what is modi!ed 
by unequal phase differences between the pulses later in the 
manuscript.

3. Cascade growth rates in an unperturbed  
plane wave

There is not yet a well-established way to estimate analyti-
cally the growth rate for pair cascades in the !eld of linearly 
polarised laser pulses. Several models exist for cascades in 
the !elds of two counter-propagating circularly polarised 
lasers [18, 21, 27, 41, 42]. In [24] an empirical expression was 
derived for the case of two colliding linearly polarised lasers. 
Here, we modify the model of [24] to account for cascades 
with multiple linearly polarised laser pulses. Later, we com-
pare the predictions of the extended model with simulations of 
four-laser QED cascades.

The growth rate in a two-laser standing wave averaged over 
the laser cycle for linear polarisation is given by [24]:

¯ ¯/⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝⎜

⎞
⎠⎟π

π α
τ γ χ

Γ∼ K
8

15
2
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4
3c

1 3
2

e

1
4

 (1)

where ħ/( )τ = mcc
2 , ħ/( )α = e c2 , m is the electron mass and e 

represents the elementary charge. Parameters γ̄ and χ̄e denote 
the effective values of the Lorentz factor and the quantum 
nonlinearity parameter of the pairs at the moment of radiation 

Figure 1. Setup: a thin cryogenic ice target is placed in the focus of four lasers. A pair of lasers propagates along the x-axis, and another 
pair along the y-axis. In Setup A, the lasers are all polarised perpendicularly to the x-y plane of motion (the illustrations on the right hand 
side show the laser electric !eld); Setup B corresponds to all lasers polarised within the plane of motion, while Setup C is composed of a 
pair of lasers polarised within the plane, and another pair outside of the plane.
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25% of the total emitted energy. Figure 6(a) shows that the 
energy conversion ef"ciency from lasers to hard photons can 
be as high as 75% for a0  =  2000.

If we introduce a temporal delay between the Ex and Ey 
components of the standing wave, some of the above conclu-
sions related to Setup B change. For example, if Ex and Ey 
are out of phase ( ω∼E tsinx 0 , ω∼E tcosy 0 ), the maximum 

Figure 5. (a), (b) Pair plasma density ne in units of non-relativistic critical density nc for Setup A at two instants of time. Here a0  =  800. 
The plasma is expected to become fully opaque to the laser light when the cascade reaches the relativistically critical density  >n n800e c. 
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Since photons are created at one location, and later decay into 
pairs in a different location, this Setup facilitates forming a 
thicker region of pair plasma with a lower peak plasma den-
sity. On the contrary, in Setup A photons predominantly prop-
agate in the z-direction, which makes them decay with x and 
y coordinates similar to the position where they were emitted. 
This results in a very localised cascade, that can quickly pro-
duce a high number of particles in the regions with the highest 
χe. Setup C produces a cascade localised in x, but spreading 
over the entire spot size in the y-direction.

As a consequence, the relativistic critical density plasma 
( ∼′n a nc 0 c) is achieved at different times for different Setups. 
Figure  5 shows the pair density and the electromagnetic 
energy density for each con"guration. At  ω= −t 70 0

1, when 
the lasers overlap, regions of relativistically critical plasma 
density are already formed for Setups A and C, whereas the 
critical plasma is formed later for Setup B. Around the rela-
tivistic critical density regions, the lasers are almost fully 
depleted at  ω= −t 70 0

1. However, in Setup B, the same total 
amount of energy is absorbed by the plasma at  ω= −t 70 0

1 (see 
"gure  4(c)) in a more uniform manner. The standing wave 
structure survives, but its amplitude is lower. The result is 
that the cascade shuts down later for Setup B than for others. 
Additionally the fact that the plasma covers the entire laser 
spot provides conditions to absorb the laser energy later, over 
a wider area of space. During the laser depletion phase, the 

portions of the standing wave that remain can still accelerate 
electrons and positrons. The pairs continue to radiate photons 
that cannot decay anew into pairs due to the low intensity. 
Through this mechanism, most of the absorbed laser energy is 
permanently converted into energetic photons.

The conversion ef"ciency as a function of the laser inten-
sity is shown in "gure 6(a) for Setup B, that is the most ef"-
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This gives three possibilities: all lasers polarised ‘out of the 
plane’ (Setup A in !gure 1), all lasers ‘in the plane’ (Setup 
B) or one pair polarised ‘out of the plane’, and the other pair 
‘in the plane’ (Setup C).

In a previous work that proposed planar con!gurations 
of multiple laser pulses for spontaneous pair creation from 
vacuum, all the lasers are polarised ‘out of the plane’ [28], as 
in Setup A. This is a natural choice because such con!gura-
tions maximise the value of the peak electric !eld, where for 
the same total available energy a higher number of laser pulses 
always leads to a more intense electric !eld. As one can expect 
that the highest particle energies are achieved in the presence 
of the strongest electric !eld, this should, in principle, also 
lead to a highest growth rate in a Breit–Wheeler cascade, as 
the quantum nonlinearity parameter χe is directly proportional 
to the particle energy for relativistic particles. But, as we will 
see later, there are subtle differences between the cascade 
dynamics in con!gurations A, B and C that can cause another 
con!guration to have a higher overall multiplicity (number 
of electron–positron pairs created per single seed electron). 
Recently, elliptical polarisation has been proposed for QED 
cascades with n lasers distributed within a plane [29]. It was 
demonstrated that, due to tight focusing, not more than eight 
lasers can be used for this setup. Average χe has been esti-
mated analytically and used as a criterion to select optimal 
ellipticity, later shown by Monte-Carlo simulations to be more 
ef!cient than circular polarisation. It is worth noting that in 
literature, circular polarisation has been identi!ed as optimal 
for two-laser cascades [16, 37]. However, seeding of the cas-
cade in realistic conditions accounting for tight focusing and 
multi-dimensions sometimes leads to different conclusions 
[26, 27].

For electron–positron cascade con!gurations with linearly 
polarised lasers A–C displayed in !gure 1, the de!nitions of 
the different standing waves are given in the appendix. We 

assume the phase difference between one pair of lasers is the 
same as the phase difference between the other pair. The con-
sequence of this is that the standing waves are synchronised; 
the electric !eld is maximum at the same time for all comp-
onents of the resulting standing wave. The bene!t of using 
the same phase difference is the preservation of the inherent 
temporal separation of the electric and magnetic-dominated 
part of the cascade that is produced by linearly polarised 
lasers [37]. Nonetheless, we will discuss what is modi!ed 
by unequal phase differences between the pulses later in the 
manuscript.

3. Cascade growth rates in an unperturbed  
plane wave

There is not yet a well-established way to estimate analyti-
cally the growth rate for pair cascades in the !eld of linearly 
polarised laser pulses. Several models exist for cascades in 
the !elds of two counter-propagating circularly polarised 
lasers [18, 21, 27, 41, 42]. In [24] an empirical expression was 
derived for the case of two colliding linearly polarised lasers. 
Here, we modify the model of [24] to account for cascades 
with multiple linearly polarised laser pulses. Later, we com-
pare the predictions of the extended model with simulations of 
four-laser QED cascades.

The growth rate in a two-laser standing wave averaged over 
the laser cycle for linear polarisation is given by [24]:
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where ħ/( )τ = mcc
2 , ħ/( )α = e c2 , m is the electron mass and e 

represents the elementary charge. Parameters γ̄ and χ̄e denote 
the effective values of the Lorentz factor and the quantum 
nonlinearity parameter of the pairs at the moment of radiation 

Figure 1. Setup: a thin cryogenic ice target is placed in the focus of four lasers. A pair of lasers propagates along the x-axis, and another 
pair along the y-axis. In Setup A, the lasers are all polarised perpendicularly to the x-y plane of motion (the illustrations on the right hand 
side show the laser electric !eld); Setup B corresponds to all lasers polarised within the plane of motion, while Setup C is composed of a 
pair of lasers polarised within the plane, and another pair outside of the plane.
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Enough plasma is produced to disrupt the 2D standing wave
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Laser energy is efficiently converted to new particles 
and hard photons 

Fraction of total laser energy converted 
to photons
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These simulations require HPC systems 

‣ Over 1 million core-hours per simulation 

‣ Without designated performance enhancements, the simulations 
would not be possible even on large HPC systems 

‣ PI & co-PI on competitive supercomputing projects with ~ 300 
million core-hours combined

Ada King, Countess of LovelaceMareNostrum, BSC


